ABSTRACT An experiment (2 trials) was conducted to determine the effects of feeding reduced crude protein (CP) diets to Ross × Ross 708 male broilers while maintaining adequate essential amino acid (AA) concentrations on growth performance, nitrogen excretion, and plasma uric acid (UA) concentration during the starter period. In trial 1, 11 dietary treatments were fed from 1 to 18 d of age containing 1.20% digestible Lys. Diet 1 (23.2% CP) was formulated with DL-Met, L-Lys, and L-Thr to contain 1.70 total Gly + Ser to digestible Lys ratio whereas diets 2 (23.4% CP) to 11 were formulated with additional Gly to contain 1.90 total Gly + Ser to digestible Lys ratio. Free AA were added sequentially in the order of limitation (L-Val, L-Ile, L-Arg, L-Trp, L-His, L-Phe, and L-Leu) from diets 3 to 10 to decrease CP content from 22.6 to 18.8%, respectively. In diet 11, L-Gln was added to increase the CP content to 23.4%. Feed conversion of broilers fed diet 2 was lower (P < 0.05) than those consuming diets 6 to 11 from 1 to 17 d of age. Nitrogen excretion (mg/b/d) decreased (P < 0.001) by 14.1% when broilers were fed diet 4 compared with birds fed diet 2 from 15 to 16 d of age. Broilers fed diet 4 had lower (P = 0.011) plasma UA concentration than birds fed diet 2 at 18 d of age. In trial 2, 8 dietary treatments containing 1.25% digestible Lys and 1.70 total Gly + Ser to digestible Lys ratio were fed from 1 to 21 d of age. Diet 1 (24.0% CP) was supplemented with DL-Met, L-Lys, and L-Thr. Free AA (L-Val, Gly, L-Ile, L-Arg, L-Trp, L-His, and L-Phe) were sequentially supplemented in the order of limitation to decrease CP content in diets 2 to 8 from 23.8 to 20.3%. Broilers fed diet 1 had higher (P < 0.05) body weight gain and lower (P < 0.05) feed conversion when compared with diet 7 or 8. Plasma UA concentration of broiler provided diets 4 to 8 was lower (P < 0.05) compared with diet 1 at 21 d of age. Placing a minimum on dietary CP percentage may not be necessary when proper AA ratios are implemented in diet formulation.
INTRODUCTION
Reducing dietary crude protein (CP) in broiler diets has been advantageous in decreasing dietary cost, nitrogen excretion (Hernandez et al., 2012) , ammonia emissions (Ferguson et al., 1998) , and the incidence of pododermatitis (Nagaraj et al., 2007) . However, previous research reported that reduction of dietary CP content beyond 2.0% points may result in sub-optimum body weight (BW) gain and feed conversion ratio (FCR) of broilers (Waldroup et al., 2005; Dean et al., 2006; Namroud et al., 2008; Hernandez et al., 2012) . Strate-C 2018 Poultry Science Association Inc.gies to mitigate poor growth performance of broilers include potassium supplementation (Han et al., 1992) , the inclusion of Glu or Asp as a source of nitrogen (Aletor et al., 2000) , and increasing dietary energy (Hussein et al., 2001 ). However, these approaches have produced inconsistent results (Han et al., 1992; Aletor et al., 2000; Hussein et al., 2001) .
Adverse growth responses of broilers fed reduced-CP diets may be attributed to sub-optimum essential amino acid (AA) concentrations (Aftab et al., 2006) . When reducing dietary CP content in gradient increments, less limiting AA concentrations beyond Met, Lys, and Thr may be lower than diets with a higher CP content. Waldroup et al. (2005) observed a 3.1% increase in FCR when lowering dietary CP content from 22 to 20% in 21-day-old broilers. A mixture of essential AA (Gly, L-Val, L-Ile, L-Arg, L-Trp, L-His, L-Phe, and L-Leu) was added to the 20%-CP diet to obtain similar concentrations of essential AA to the 22%-CP diet. However, this strategy failed to ameliorate poor FCR of broilers fed the 20%-CP diet. The lack of response from adding essential AA may be due to sub-optimum concentrations of non-essential AA relative to essential AA resulting from an equally spaced reduction of dietary CP.
Recent studies demonstrated that in addition to meeting requirements for essential AA, broilers receiving reduced-CP diets may require a minimum total Gly + Ser concentration in diet formulation to achieve growth performance similar to those fed higher-CP diets (Corzo et al., 2004; Dean et al., 2006; Waguespack et al., 2009; Awad et al., 2015) . Dean et al. (2006) reported that individual supplementation of non-essential AA (Glu, Pro, Ala, Asp) in a low-CP diet (16%) did not affect FCR of broilers, whereas a Gly addition was able to ameliorate poor FCR comparable to birds receiving a higher-CP diet (22%) from 1 to 18 d of age. Therefore, inadequate Gly concentration may limit growth when broilers consume reduced-CP diets during the starter period. Previous studies evaluating growth responses in broilers fed reduced-CP diets have not implemented a minimum on total Gly + Ser concentration (Aletor et al., 2000; Bregendahl et al., 2002; Si et al., 2004) , which could allow for a larger reduction in dietary CP content without compromising growth performance.
Published research evaluating the effects of dietary CP reduction on growth performance of broilers has been conducted through gradient reduction of CP content, which may result in lower concentration of less limiting AA beyond Met, Lys, and Thr (Waldroup et al., 2005) . A potential strategy to alleviate poor growth performance of broilers fed reduced-CP diet may be through sequential additions of essential AA and Gly in the order of limitation, which can be used to maintain AA concentrations while simultaneously decreasing dietary CP content. However, the use of sequential addition of limiting AA while simultaneously maintaining an adequate total Gly + Ser concentration to reduce dietary CP content is sparse (Yuan et al., 2012 ). An experiment consisting of 2 trials was conducted to determine the effects of feeding reduced-CP diets to broilers while maintaining adequate essential AA and total Gly + Ser concentrations by sequentially adding essential AA and Gly in the order of limitation beyond Thr on growth performance, nitrogen excretion, and plasma uric acid concentration during the starter period.
MATERIALS AND METHODS
All procedures involving live birds were approved by Auburn University Institutional Animal Care and Use Committee (PRN 2014 (PRN -2579 .
Bird Husbandry
In trials 1 and 2, Ross × Ross 708 male chicks (Aviagen North America, Huntsville, AL) were obtained from a commercial hatchery at 1 d of age. All birds received vaccination for Marek's disease, Newcastle disease, and infectious bronchitis at the hatchery. In trial 1, 792 broiler chicks were placed into 88 battery cages (9 birds/cage; 0.05 m 2 /bird) (Petersime, Gettysburg, OH). Cages were placed in 2 solid-sided rooms equipped with forced-air heaters and cooling pads to adjust temperature. Each cage was provided with 1 trough feeder and 1 trough waterer. Room temperature at chick placement was set at 33
• C and was gradually decreased to ensure broiler comfort until 27
• C at 18 d of age. Photoperiod was set at 23L:1D with an intensity of 30 lux throughout the experimental period. Feed and water were provided ad libitum from 1 to 18 d of age. Birds and feed were weighed at 1 and 17 d of age to determine BW gain, feed intake (FI), and FCR. The incidence of mortality was recorded daily.
Trial 2 was conducted to validate results from trial 1 using floor pen setup to mimic commercial conditions. Sixteen hundred broiler chicks were placed in a solid-sided house with a negative-pressure ventilation system equipped with vent boards, exhaust fans, cooling pads, and an electronic controller to adjust house temperature. Chicks were distributed into 64 floor pens (25 birds/pen; 0.09 m 2 /bird) equipped with a tube feeder, a nipple drinker line, and used litter. House temperature at chick placement was maintained at 33
• C and was gradually decreased to 25
• C at 21 d of age. Photoperiod was set at 23L:1D for the first 7 d posthatching and 20L:4D was maintained from 8 to 21 d of age. Light intensity was set at 30, 10, and 5 lux from 1 to 7, 8 to 14, and 15 to 21 d of age, respectively. Feed and water were provided ad libitum throughout the experimental period. Birds and feed were weighed at 1, 7, 14, and 21 d of age to determine BW gain, FI, and FCR. The incidence of mortality was recorded daily.
Dietary Treatments
In trial 1, 11 dietary treatments (8 reps/treatment) were fed to broiler chicks from 1 to 18 d of age consisting of corn and soybean meal as the primary ingredients (Table 1) . Digestible Lys in all diets were formulated at 1.20% with ratios of digestible TSAA, Thr, Val, Ile, Arg, Trp, His, Phe, and Leu at 0.76, 0.69, 0.77, 0.67, 1.05, 0.17, 0.37, 0.63 , and 1.07, respectively. Diet 1 (23.2% CP) was formulated with added DL-Met, LLys, and L-Thr, which is similar to diets commonly used by the broiler industry. Diet 2 (23.4% CP) served as the control diets containing DL-Met, L-Lys, L-Thr, and Gly. Diet 1 was formulated to contain 1.70 total Gly + Ser to digestible Lys ratio, while Gly addition in diets 2 to 11 increased total Gly + Ser to digestible Lys ratio to 1.90. Based on our calculations from previous studies, optimum ratios of total Gly + Ser to digestible Lys ranged from 1.69 to 1.90 for broilers in the starter period (Corzo et al., 2004; Waguespack et al., 2009; Yuan et al., 2012) . It is important to note that these values were obtained from studies designed to determine optimal total Gly + Ser response and not for a 
Calculated analysis, % (unless otherwise noted) AME, kcal 3 Analyzed crude protein content in diets 1 to 11 was 25.0, 25.8, 24.2, 24.0, 24.5, 23.2, 23.0, 21.8, 21.8, 20.9, and 24.9%, respectively (method 968.06; AOAC International, 2006) . 4 TSAA = Total sulfur amino acids 5 Total Gly equivalent (%) = total Gly (%) + [total Ser (%) × 0.7143], where 0.7143 is the ratio of the molar weight of Gly and Ser. 6 Ratio of total essential to nonessential amino acid nitrogen was calculated by adding total nitrogen content (%) of essential and non-essential amino acids. Essential amino acids are represented by Met, Lys, Thr, Val, Ile, Arg, Trp, His, Phe, and Leu, whereas non-essential amino acids are represented by Ala, Gly, Ser, Glu, Asp, Tyr, Cys, and Pro.
total Gly + Ser to digestible Lys ratio. Hence, caution must be taken when applying these data as the concentration of digestible Lys in research conducted to determine optimal AA ratio to digestible Lys is commonly formulated to be slightly lower than optimal to prevent over consumption of Lys. Due to limited data in defining an optimum total Gly + Ser to digestible Lys ratio for broilers during the starter period, the range of 1.69 to 1.90 of total Gly + Ser to digestible Lys ratio was used as a basis to formulate diets in the current research with 1.70 and 1.90 total Gly + Ser to digestible Lys ratios.
Free AA were sequentially supplemented in the or- 
-Phe, and L-Leu. Diet 10 contained a similar AA addition as diet 9 but with a higher inclusion of L-Leu to allow a larger CP reduction. Diet 11 was formulated with additional L-Gln as a source of nitrogen to increase dietary CP content. Glutamine was used due to its higher nitrogen percentage compared with other non-essential AA. Glutamine has a nitrogen percentage of 19.2%, whereas nitrogen percentage of other non-essential AA, such as Ala, Asp, and Glu are 15.7, 10.5, and 9.5%, respectively (NRC, 1994) . The resulting CP content in each experimental diet was 22.6, 21.9, 21.8, 21.4, 20.4, 19.6, 19.2, 18.8, and 23 .4%, respectively, in diets 3 to 11.
In trial 2, 8 dietary treatments (8 reps/treatment) were formulated with corn and soybean meal as the primary ingredients from 1 to 21 d of age (Table 2 ). All diets were formulated to contain digestible Lys at 1.25% with optimum ratios of digestible TSAA, Thr, Val, Ile, Arg, Trp, His, Phe, and Leu of 0.76, 0.69, 0.77, 0.67, 1.05, 0.17, 0.37, 0.64, and 1.10, respectively. Additionally, a total Gly + Ser to digestible Lys ratio of 1.70 was formulated across all diets. The use of 1.70 total Gly + Ser to digestible Lys ratio resulted in a slight change in the order of limiting AA compared with the order in trial 1 with Val and Gly being the fourth and fifth limiting AA. The ratio corresponded to 2.13% total Gly + Ser concentration, which is consistent with the total Gly + Ser concentration used in trial 1 of the present research and Waguespack et al. (2009) 8, 22.7, 22.4, 22.0, 21.8, 20.5, and 20 .3%, respectively, in diets 2 to 8. Digestible AA values in both trials were calculated by multiplying digestible AA coefficients of the corn and soybean meal with the total AA concentrations in these 2 ingredients (Ajinomoto, 2009) . In trial 1, experimental diets were provided in mash form, whereas in trial 2, diets were provided in crumble form. Experimental diets of both trials were analyzed for CP (method 968.06; AOAC International, 2006) and total AA concentrations (method 994.12; AOAC International, 2006).
Blood Measures
In trials 1 and 2, blood samples were collected from 3 birds per cage/pen of 6 replicates at d 18 (trial 1) and 21 (trial 2) to determine total blood protein and plasma uric acid (UA) concentrations. At the day of blood collection, birds were fasted for 2 h and re-fed for 2 h to ensure feed consumption before blood collection (Donsbough et al., 2010) . Birds were bled via brachial vein using a 22-gauge needle and approximately 3 mL of blood from each bird was collected into a heparinized tube. Blood samples were held on ice until centrifugation. In order to separate plasma from whole blood, blood samples were fractionated by centrifugation at 2,000 × g for 5 min. Plasma was transferred to a 1.5 mL tube and was stored in -20
• C until analysis. Samples were sent to Auburn University College of Veterinary Medicine for analyses of total blood protein and plasma UA concentrations. Total blood protein and plasma UA concentrations were analyzed according to methods developed by Weichselbaum (1946) and Town et al. (1985) , respectively. Each sample was analyzed in duplicate using Hitachi Cobas C311 (Roche Diagnostic, Indianapolis, IN). Reagent kits used in both analyses were provided by Roche Diagnostic (Roche Diagnostic, Indianapolis, IN).
Nitrogen Balance
In trial 1, a 24-h nitrogen balance assay was conducted from 15 to 16 d of age to determined nitrogen intake and nitrogen excretion. Nitrogen intake represented the amount of nitrogen consumed by each bird per day (mg/b/d), whereas nitrogen excretion was expressed as the amount of nitrogen excreted by each bird per day (mg/b/d) or as the percent of nitrogen intake. Nitrogen excretion as a percent of nitrogen intake was calculated using the following equation:
Total excreta and feed were weighed from each pen. Excreta sub-samples were collected from 6 different locations in each cage to obtain a representative pooled sample. Sub-samples from each pen were mixed to obtain a pooled sample. Pooled excreta samples were stored at -20
• C until analysis. Frozen excreta samples were thawed at room temperature and homogenized before lyophilization. Feed and excreta samples were lyophilized using VirTis Genesis 25ES freeze dryer (SP Industries, Inc., Warminster, PA). Duplicate samples of 250 mg dried feed and excreta from each cage were placed into an aluminum foil for nitrogen analysis. The analysis was performed using combustion analyzer rapid N cube (Elementar, Hanau, Germany) 
Statistical Analyses
Dietary treatments were completely randomized in each block. Cage or pen location served as the blocking factor. Each treatment was represented by 8 replicate cages (trial 1) or pens (trial 2) with cage/pen being the experimental unit. Analysis of variance was performed using the MIXED procedure of SAS (2011) by the following mixed-effects model:
Where μ is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the τ j are fixed factor level effects corresponding to the j th dietary 3 Mortality values were arcsine transformed. 4 Diet 1 was formulated to contain 1.20% digestible Lys and 1.70 total Gly + Ser to digestible Lys ratio. Diets 2 to 11 were formulated to contain 1.20% digestible Lys and 1.90 total Gly + Ser to digestible Lys ratio.
5 Diet 10 was formulated with a higher inclusion of L-Leu to obtain lower crude protein than diet 9. 6 Pooled standard error treatment (diets 1 to 11 in trial 1 or diets 1 to 8 in trial 2) such that τ j = 0; and the ε ij are identically and independently normally distributed random errors with mean 0 and a variance σ 2 . Pre-planned orthogonal contrasts were used to detect differences on growth performance, blood measures, and nitrogen balance between each dietary treatment and the control diet. In trial 1, the effect of each dietary treatment (diets 3 to 11) was compared with diet 2. Diet 2 was used as the reference diet because it was formulated to contain a similar ratio of total Gly + Ser to digestible Lys of 1.90 with diets 3 to 11. In trial 2, responses from feeding diets 2 to 8 were compared with diet 1. Statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
In trial 1, nitrogen analysis of experimental diets indicated a slightly higher CP content than the calculated values. This was due to corn being 2.0% points higher in CP content than the value used in the formulation. Analyzed CP values for experimental diets 1 to 11 in trial 1 were 25.0, 25.8, 24.2, 24.0, 24.5, 23.2, 23.0, 21.8, 21.8, 20 .9, and 24.9%, respectively. Despite having higher analyzed than calculated CP values, a 4.9% point spread between the highest and the lowest CP content in the experimental diets were maintained. In trial 2, the analysis of CP contents from diets 1 to 8 were in agreement with the calculated values. Analyzed dietary CP values of the experimental diets were 23.9, 22.9, 22.5, 21.8, 22.2, 21.7, 20.0, and 20.2%, respectively, in diets 1 to 8. Due to the variation in dietary CP content in trial 1, results from both trials are presented using analyzed CP values (Tables 1 and 2 ).
Growth Performance
In trial 1, reducing dietary CP content from 25.8 (diet 2) to 20.9% (diet 10) while maintaining adequate essential AA concentrations did not influence (P > 0.05) BW gain of broilers compared with those fed the control diet from 1 to 17 d of age (Table 3) . However, reductions in dietary CP content from 25.8 to below 23.2% CP (diets 6 to 10) increased (P < 0.05) FCR of broilers compared with feeding the control diet (diet 2). This indicated that supplementing DLMet, L-Lys, L-Thr, Gly, L-Val, L-Ile, and L-Arg (diets 3 to 5) could be used to lower dietary CP content while maintaining similar FCR of broilers compared with the control-fed birds (diet 2). The addition of L-Gln in diet 11 increased dietary CP content to 24.9%, but 12% decrease (P < 0.001) in BW gain and 8% increase (P < 0.001) in FCR were observed compared with birds fed the control diet (diet 2). Broilers fed diet 11 also had lower FI (P = 0.006) and Table 4 . Growth performance of Ross × Ross 708 male broilers fed reduced crude protein diets with sequential additions of essential amino acids from 1 to 7 d of age, trial 2. (Table 6 ). 20 .2% CP). Feed intake of birds consuming diet 7 was lower (P = 0.023) than those receiving the control diet (diet 1). Mortality was unaffected by dietary treatments except broilers provided diet 4 had a lower (P = 0.032) incidence of mortality compared with feeding the control diet (diet 1) from 1 to 21 d of age. These data demonstrated that the reduction of dietary CP content from 1 to 21 d of age did not depress growth performance of broilers when DL-Met, L-Lys, L-Thr, L-Val, Gly, L-Ile, L-Arg, and L-Trp were supplemented in the diets. Previous research indicated that incremental reductions of dietary CP content led to poor growth performance of broilers (Waldroup et al., 2005; Dean et al., 2006; Namroud et al., 2008; Hernandez et al., 2012) . These negative effects may be attributed to lower less limiting AA concentrations in reduced-CP diets, especially those AA beyond Met, Lys, and Thr. Si et al. (2004) reported that broilers fed a diet formulated to contain 18.1% CP had lower Val, Ile, Arg, and Trp concentrations by 7, 10, 12, and 31%, respectively, than the diet containing 22.5% CP from 1 to 21 d of age. Broilers fed the 18.1%-CP diet also had 8.8% lower BW and 8.4% higher FCR compared with those receiving the 22.5%-CP diet (Si et al., 2004) . Moreover, Waldroup et al. (2005) observed 3, 4, 4, and 16% decrease in Val, Ile, Arg, and Trp concentrations, respectively, when lowering CP content from 22 to 20% in broiler diets from 1 to 21 d of age. As a result, BW and FCR of broilers fed the 20%-CP diet were 6% lower and 3% higher, respectively, compared with those fed the 22%-CP diet. Adding a mixture of essential AA (L-Val, Gly, L-Ile, L-Arg, L-Trp, L-His, L-Phe, and L-Leu) to broilers receiving the 20%-CP diet led to a similar BW to birds consuming the 22%-CP diet, but FCR was not restored when supplementing the AA mixture to a 20%-CP diet compared with birds fed the 22%-CP diet. These studies may indicate the importance of maintaining adequate less limiting AA concentrations to help minimize poor growth performance of broilers (Si et al., 2004; Waldroup et al., 2005) .
Pre-planned orthogonal contrasts ------Probabilities------

In the current research, adequate essential AA were maintained by AA supplementation from DL-Met to L-Leu. Dietary CP contents were reduced from 25.8 to 24.0% (DL-Met, L-Lys, L-Thr, Gly, L-Val, L-Ile, and LArg) and from 23.9 to 21.7% (DL-Met, L-Lys, L-Thr, Gly, L-Val, L-Ile, L-Arg, and L-Trp) in trials 1 and 2, respectively, without causing depressed growth performance of broilers. Dietary CP reductions from 25.8 to 24.0% and from 23.9 to 21.7% in trials 1 and 2, respectively, were based upon the control diets supplemented with DL-Met, L-Lys, and L-Thr. It was previously demonstrated that the addition of DL-Met, LLys, and L-Thr in broiler diets contributed to a dietary CP reduction of 1.9% points compared with the addition of only DL-Met (Yuan et al., 2012) . Therefore, a corn-soybean meal based diet containing DL-Met, L-Lys, L-Thr, Gly, L-Val, L-Ile, L-Arg, and L-Trp can decrease CP content by 4.0% points when compared with a corn-soybean meal based diet supplemented only with DL-Met formulated for broilers during the starter period. On the other hand, broilers consuming diets with L-His, L-Phe, and L-Leu supplementations (diets 6 to 10 in trial 1 from 1 to 17 d of age and diets 7 and 8 in trial 2 from 1 to 21 d of age) had reduced growth performance compared with birds fed the control diets. Minimum ratios of digestible His, Phe, and Leu to Lys were maintained at 0.37, 0.63, and 1.07, respectively, in trial 1 and at 0.37, 0.64, and 1.10, respectively, in trial 2 (Rostagno et al., 2011) . Analyzed total AA concentrations of His, Phe, and Leu were in close agreement with the calculated values. Moreover, ratios of His and Leu to Lys used in the present study were consistent with Franco et al. (2017) , who suggested digestible His and Leu to Lys ratios of 0.36 and 1.11, respectively from 8 to 17 d of age broilers. Although digestible Leu to Lys ratio in the present study was slightly lower than the recommended value by Franco et al. (2017) , this reduction may not significantly decrease growth performance of broilers (Franco et al., 2017) . Furthermore, Rostagno et al. (2017) reported a 0.63 digestible Phe to Lys ratio for optimal growth performance of broilers, which agrees with digestible Phe to Lys ratio used in this study. Thus, digestible His, Phe, and Leu to Lys ratios in the present study may not contribute to depressed growth performance of broilers.
In addition to providing diets with adequate essential AA, maintaining an optimum total Gly + Ser concentration may be necessary when reducing CP content in broiler diets formulated with ingredients of vegetable origin during the starter period. Corzo et al. (2005) reported that poor FCR of broilers fed a reduced-CP diet (18%) containing adequate essential AA concentrations from 5 to 21 d of age could be ameliorated by supplementing Gly or a mixture of non-essential AA (L-Glu, Gly, L-Asp, L-Pro, and LAla). However, when non-essential AA other than Gly were individually supplemented to the 18%-CP diet, FCR of broilers was higher compared with birds fed the control diet (22% CP). The positive response of Gly on growth performance of broilers may be attributed to its role in feather development (Hegsted et al., 1941; Robel, 1977; Stilborn et al., 1997) , creatine formation (Ngo et al., 1977) , mucin synthesis (Lien et al., 2001; Montagne et al., 2004; Ospina-Rojas et al., 2013) , enterocyte development (Wang et al., 2014a, b) , uric acid synthesis (Leeson and Summers, 2001) , and bone formation (Yuan et al., 2012) . These findings indicated that Gly may be conditionally essential for broilers fed reduced-CP diets during the starter period (Corzo et al., 2005; Dean et al., 2006; Awad et al., 2015) . Waguespack et al. (2009) recommended a minimum of 2.10% total Gly + Ser concentration to obtain optimal growth performance when broilers were fed reduced-CP diets from 1 to 21 d of age. In parallel, experimental diets in the current study were formulated to contain a minimum value of 2.13% total Gly + Ser, which corresponded to approximately 1.90 and 1.70 total Gly + Ser to digestible Lys ratios, respectively, in trials 1 and 2. Implementing this strategy, along with adding essential AA (DL-Met, L-Lys, L-Thr, L-Val, L-Ile, L-Arg, and L-Trp) in diet formulation, allowed for a reduction in dietary CP content from 24.9 to 24.0% and from 23.9 to 21.7% in trials 1 (1 to 17 d of age) and 2 (1 to 21 d of age), respectively, without compromising growth performance of broilers. Yuan et al. (2012) In trial 1 of the present research, L-Gln was supplemented in diet 11 as a source of non-specific nitrogen to increase dietary CP concentration. L-Glutamine was used due to its higher nitrogen content compared with other non-essential AA (Glu, Asp, or Ala), which can contribute to dietary CP content (NRC, 1994) . However, the supplementation of L-Gln (4.0%) in this study could not restore poor growth performance of broilers fed reduced-CP diets. Although birds receiving L-Gln supplementation did not have a depressed FI when compared with those provided the positive control diet, these broilers consumed 40 g less (P = 0.006) feed than broilers fed diet 10. According to Bartell and Batal (2007) , a high inclusion of L-Gln (4.0%) may have been unpalatable to broilers resulting in depressed FI and BW gain. Hence, a high inclusion of L-Gln in diet 11 of trial 1 may decrease palatability, which led to a reduction in BW gain of broilers. Another source of non-essential AA nitrogen can be obtained through L-Glu. However, reports of supplementing L-Glu in reduced-CP diets have been inconsistent (Pinchasov et al., 1990; Han et al., 1992; Kerr and Kidd, 1999; Aletor et al., 2000; Hussein et al., 2001) . Heger et al. (1998) suggested that non-essential AA must be provided as a proportion to the essential AA to obtain optimum protein utilization. This proportion should be assessed on a nitrogen basis because non-essential AA are primarily utilized to provide non-specific nitrogen (Lenis et al., 1999; Heger, 2003) . 2 Values are least-square means of 6 replicate cages using 3 birds per cage. 3 Diet 1 was formulated to contain 1.20% digestible Lys and 1.70 total Gly + Ser to digestible Lys ratio. Diets 2 to 11 were formulated to contain 1.20% digestible Lys and 1.90 total Gly + Ser to digestible Lys ratio.
4 Diet 10 was formulated with a higher inclusion of L-Leu to obtain lower crude protein than diet 9. 5 Pooled standard error.
Previous studies have reported that optimum ratios of total essential to non-essential AA nitrogen (EAA n : NEAA n ) for maximum growth and nitrogen utilization of broilers and pigs ranged from 42:58 to 67:33 (Stucki and Harper, 1961; Sugahara and Ariyoshi, 1968; Bedford and Summers, 1985; Wang and Fuller, 1989; Heger et al., 1998; Lenis et al., 1999) . However, these recommendations were assessed decades ago using broilers having a lower rate of lean tissue deposition. Therefore, future studies are warranted to evaluate the optimum EAA n : NEAA n ratio of high yielding broilers. In the present research, total EAA n : NEAA n ratios were calculated using total nitrogen content from essential (Met, Lys, Thr, Val, Ile, Arg, Trp, His, Phe, and Leu) and non-essential AA (Ala, Gly, Ser, Glu, Asp, Tyr, Cys, and Pro). Glutamine and asparagine were not included as non-essential AA because these AA were converted to Glu and Asp, respectively, during acid hydrolysis. In trial 1, experimental diets contained total EAA n : NEAA n ratios ranging from 54:46 to 58:42. In trial 2, total EAA n : NEAA n ratio in diets 1 to 8 ranged from 55:45 to 57:43. Although depressed growth performance of broilers was observed in both trials, the response may not be influenced by total EAA n : NEAA n ratios due to a small variation in total EAA n : NEAA n ratio among dietary treatments in both trials.
Blood Measures
In trial 1, broilers fed diets with reduced CP content from 25.8 to below 24.0% (diets 4 to 10) had decreased plasma UA concentration (P < 0.05) compared with feeding broilers diet 2 (Table 7) . When L-Gln was added as a source of non-specific nitrogen in diet 11 to increase dietary CP content, plasma UA concentration of broilers increased (P < 0.001) compared with diet 10 and did not differ (P = 0.09) from diet 2. The increase in plasma UA concentration of broilers fed diet 11 compared with birds provided diet 10 may likely be associated with excess nitrogen since plasma uric acid of broilers fed diet 11 did not differ with those fed diet 2. This response may indicate that broilers consuming diets 2 and 11 attempted to remove excess nitrogen via uric acid. Total blood protein concentration of broilers consuming diet 2 was higher (P < 0.05) than those receiving diet 8 or 11. In trial 2, plasma UA concentration of broilers was reduced (P < 0.05) when dietary CP content was lowered beyond 21.8% (diets 4 to 8) compared with the plasma UA concentration in broilers fed diet 1 (Table 8) . Additionally, broilers fed diet 1 (23.9% CP) had higher (P = 0.006) total blood protein concentration compared with birds fed diet 8 (20.2% CP). These results demonstrated that reductions in dietary CP content decreased plasma UA concentrations of broilers in a consistent manner. Similarly, Corzo et al. (2005) observed a 36% reduction in plasma UA concentration of 21 d of age broilers when lowering dietary CP content from 22 to 18%. Nevertheless, both the current study and Corzo et al. (2005) did not report a consistent reduction in total blood protein concentration of broilers as dietary CP was reduced. These results may likely be attributed to birds that excrete nitrogen through uric acid formation (Leeson and Summers, 2001 ).
Nitrogen Balance
Nitrogen balance results from trial 1 are presented in Table 7 . Nitrogen intake and excretion (mg/b/d) were reduced (P < 0.05) when dietary CP content was lowered from 24.9 to 24.0% or greater (diet 2 vs. 4 to 10). These results demonstrated that nitrogen excretion was reduced up to 14.1% from 994 to 837 mg/b/d translating to a 7.9% reduction of nitrogen excretion per 1% point decrease in CP content from 25.8 to 24.0% (diets 2 to 4) without compromising BW gain and FCR of broilers. No differences (P > 0.05) were observed in nitrogen intake and excretion (mg/b/d) between birds consuming diets 11 and 2. However, broilers fed diet 11 consumed and excreted higher (P < 0.001) amounts of nitrogen (mg/b/d) compared with those fed diet 10. Nitrogen excretion as a percent of nitrogen intake decreased (P < 0.05) as broilers receiving diets containing supplemental L-Phe and L-Leu (diets 8 to 10) were compared with those provided diet 2. Broilers fed diet 11 excreted a similar (P = 0.32) amount of nitrogen (% of N intake) compared with birds consuming diet 2. However, nitrogen excretion (% of N intake) of birds provided diet 11 was higher (P < 0.001) compared with those fed diet 10. Broilers fed diet 8 exhibited a 16.2% reduction in nitrogen excretion compared with birds consuming diet 2, but FCR increased by 10 points with feeding diet 8. Kerr and Kidd (1999) observed a reduction of nitrogen excretion from 1300 to 950 mg/b/d when lowering dietary CP content from 19.4 to 18.2% (from 28 to 42 d of age). This resulted in a 22.8% decrease of nitrogen excretion per unit reduction in dietary CP content, which is unexpectedly much larger than results presented herein. Additionally, Bregendahl et al. (2002) reported a reduction in nitrogen excretion (g/b) of 6.3% for every unit decrease in CP content from 23 to 18.5%. However, the reduction in dietary CP content from 7 to 21 d of age depressed BW gain and gain to feed ratio of broilers by 23 g/bird and 58 g/kg, respectively. Si et al. (2004) reported that lowering dietary CP content from 20 to 18% decreased nitrogen content in the excreta by 13% without compromising BW and FCR of broilers from 1 to 21 d of age. Additionally, Ferguson et al. (1998) reported that lowering dietary CP content from 26.4 to 24.1% in the starter period (from 1 to 21 d of age) and from 21.5 to 19.6% in the grower period (from 22 to 43 d of age) reduced nitrogen excretion in the litter (g/kg litter) by 17% while maintaining similar BW gain.
In conclusion, the additions of DL-Met, L-Lys, L-Thr, L-Val, Gly (conditional), L-Ile, L-Arg, and L-Trp can be used to meet essential AA requirements of broilers while allowing dietary CP content reduction from 23.9 to 20.0% without compromising growth performance of broilers from 1 to 14 d of age. However, a reduction of dietary CP content from 23.9 to 21.7% can be achieved from 1 to 21 d of age when compared with the control diet supplemented with DL-Met, L-Lys, and L-Thr. The use of AA supplementation to lower dietary CP content was also effective in decreasing nitrogen excretion (mg/b/d) by 14.1% without compromising performance objectives. Therefore, optimum broiler performance can be obtained without placing a minimum of CP concentration when proper AA ratios are used in diet formulation.
